Smad nuclear interacting protein 1 (SNIP1) has been implicated in the pathogenesis of inflammatory bowel disease (IBD). However, the mechanisms involved are still largely unknown. Our results demonstrated that SNIP1 was markedly decreased in intestinal epithelial cells (IEC) from IBD patients compared with healthy controls. Impaired expression of SNIP1 caused a significant decrease of transepithelial electrical resistance but an increase of fluorescein isothiocyanate-dextran flux in Caco-2 monolayers, whereas overexpression of SNIP1 reversed such effects. Overexpression of SNIP1 also inhibited the activity of NF-jB p65 and proinflammatory cytokine production (e.g., TNF-a, IL-1b, and IL-8) by IEC. Importantly, supplementation of exogenous SNIP1 significantly ameliorated intestinal mucosal inflammation in experimental colitis, characterized by less-severe intestinal epithelial barrier damage and decreased proinflammatory cytokine production. Our data thus demonstrated a novel mechanism whereby SNIP1 regulates intestinal inflammation through modulating intestinal epithelial barrier function. Targeting SNIP1 may provide a therapeutic approach for the treatment of IBD.
INTRODUCTION
Inflammatory bowel disease (IBD), including Crohn's disease (CD) and ulcerative colitis (UC), are chronic inflammatory conditions that are classically characterized by periods of remission and relapse. 1, 2 Although the etiology and pathogenesis of IBD remain elusive, emerging evidences have shown that IBD are resulted from the combination of genetic polymorphisms, environmental factors, and dysregulated immune responses to intestinal commensal microbiota, characterized by an infiltration of varieties of activated immune cells, increased expression of proinflammatory cytokines, and a disruption in the intestinal mucosa barrier. 3, 4 Among multiple mechanisms, abnormal immune responses to gut microbiota are crucial to the pathogenesis of IBD. Intestinal homeostasis in healthy individuals is ensured by a complex system called ''intestinal barrier'', a dynamic structure that separates intestinal contents from the host tissues, regulates nutrient absorption, and allows interactions with the resident mucosal immune system. [5] [6] [7] A monolayer of IEC not only forms a physical barrier separating host from luminal environment, but also interacts with other immune cells, such as T cells and dendritic cells. [8] [9] [10] An impaired epithelial barrier provides the opportunity for gut microbiota invasion and causes intestinal inflammation. However, it is still not completely clear how intestinal epithelial barrier is regulated.
Smad nuclear interacting protein 1 (SNIP1), primarily described as a mediator of TGF-b-induced gene expression, 11 has been demonstrated as an anti-inflammatory molecule, which binds to the C/H1 domain of the transcriptional coactivators p300 and CREB-binding protein (CBP), a binding site for various transcriptional molecules, including nuclear factor-kappa B (NF-kB). 12 It has been shown that SNIP1 protects pressure overload-induced cardiac hypertrophy, fibrosis, and contractile dysfunction through inhibition of NF-kB signaling. 13 In our recent study, we have demonstrated that SNIP1 is significantly downregulated in the peripheral blood mononuclear cells and lamina propria mononuclear cells of patients with active IBD, and inhibits Th17 cell differentiation and TNF-a production. 14 However, whether and how SNIP1 regulates intestinal mucosal homeostasis and the pathogenesis of IBD are still largely unknown.
In this report, we found that SNIP1 was markedly decreased in IEC of IBD patients and murine colitis model. Stimulation with TNF-a markedly decreased SNIP1 expression in both human primary IEC and colonic epithelial cell lines by inhibiting vitamin D receptor (VDR) expression. SNIP1 promoted the intestinal epithelial barrier function both in vivo and in vitro, and protected the intestines from inflammation in an experimental colitis model in mice.
RESULTS

SNIP1 is significantly decreased in the IEC from IBD patients and DSS-induced murine colitis
Our recent data have demonstrated that SNIP1 expression is markedly decreased in inflamed intestinal mucosa of IBD patients compared with that in healthy controls. 14 However, SNIP1 expression in IEC from IBD patients and its role in the pathogenesis of IBD remain unclear. As shown in Figure 1a , immunohistochemical staining revealed that IEC was a major source of SNIP1 in addition to lamina propria mononuclear cells. The frequencies of SNIP1 þ IEC were significantly decreased in inflamed mucosa of active IBD patients compared with healthy controls. To further examine SNIP1 expression, IEC were isolated from freshly isolated colonic tissues of IBD patients and healthy individuals underwent colonoscopy or colectomy. quantitative reverse transcription PCR (qRT-PCR) analysis revealed that SNIP1 was markedly decreased in the IEC of inflamed mucosal tissues from both active CD and UC patients compared with healthy controls (Figure 1b) . No statistical difference was observed between active CD and UC groups. To exclude the interference of leukocyte-expressing SNIP1 in the experimental results, IEC were sorted using anti-CD45 flow cytometric antibody (Supplementary Figure S1a online), and SNIP1 mRNA expression in the purified IEC was measured by qRT-PCR. Similar results were also observed (Supplementary Figure S1b) . In addition, SNIP1 protein expression was also significantly decreased in IEC of active IBD patients as evidenced by western blot (Figure 1c and d) .
As dextran sulfate sodium (DSS)-induced colitis in mice is a well-established experimental model of acute intestinal mucosal inflammation, we sought to compare SNIP1 expression in colonic epithelial cells from DSS-induced colitis and control mice. We observed that SNIP1 mRNA expression was also markedly decreased in the purified colonic epithelial cells from DSS-induced colitis mice compared with that from control mice (Supplementary Figure S1c,d) . Taken together, these results indicate that SNIP1 is downregulated in the IEC from both active IBD patients and DSS-induced colitis mice.
TNF-a downregulates SNIP1 expression in IEC
We next investigated the mechanisms whereby SNIP1 expression was downregulated in the IEC from inflamed intestinal mucosa of IBD patients. As accumulating evidences have shown that elevated proinflammatory cytokines (e.g., TNF-a, IFN-g, IL-1b, IL-6, and IL-17A) are common features of intestinal mucosal inflammation and play a crucial role in the pathogenesis of IBD, 14, 15 we detected the expression of TNF-a, IL-1b, IL-6, IFN-g, and IL-17A mRNA in inflamed mucosa of active IBD patients. Linear cor-relation analyses revealed that IEC-derived SNIP1 mRNA expression was inversely correlated with expression of TNF-a, IL-1b, and IL-6 mRNA, respectively, in the inflamed mucosa from active CD (Supplementary Figure S2a- Figure S2f-j) . In light of these findings, we asked whether SNIP1 downregulation might be associated with the increased levels of proinflammatory cytokines as mentioned above. Human primary IECs were isolated from fresh colonic mucosal biopsies of healthy donors and then stimulated in vitro with TNF-a, IFN-g, IL-1b, IL-6, and IL-17A, respectively, for 6 h. As shown in Figure 2a , TNF-a significantly, whereas IL-1b and IL-6 modestly inhibited expression of SNIP1 mRNA. As human primary IEC are short-lived after isolation ex vivo, Caco-2 and HCT-116 cells were utilized and exhibited relatively higher levels of SNIP1 expression than other colonic epithelial cell lines tested (i.e., SW480, LoVo, HT-29) (Figure 2b and c) . These cells were then treated in vitro with TNF-a, IL-1b, IL-6, IFN-g, and IL-17A, respectively. Inclusion of TNF-a markedly decreased SNIP1 mRNA expression in both Caco-2 cells (Figure 2d ) and HCT-116 cells (Figure 2e) . We next determined the kinetics of TNFa-induced SNIP1 inhibition. Decreased SNIP1 mRNA expression was observed by 12 h after TNF-a treatment, and reached the trough levels by 24 h, indicating that TNF-a inhibits SNIP1 mRNA expression in both a time- (Figure 2f 
VDR directly induces SNIP1 expression in human colonocytes
To investigate the mechanisms by which TNF-a regulates SNIP1 expression in IEC, we used the MEME-chromatin immunoprecipitation (ChIP) data sets for the motif scanning from large nucleotide and JASPAR database searching for transcription factor binding sites of SNIP1 motif. We found that VDR, which has been reported to be associated with the pathogenesis of IBD and host factors influencing the gut microbiota, 16, 17 acts as one of the candidate transcription factors, which might be able to bind to SNIP1 promoter. We transduced VDR-expressing lentivirus (LV-VDR) into Caco-2 cells, and VDR expression was verified in Figure 3a . As expected, SNIP1 mRNA expression was significantly increased in Caco-2 cells after VDR overexpression (Figure 3b) . To determine whether VDR directly binds the promoter of SNIP1, we performed ChIP assay using anti-VDR antibody and qRT-PCR using primers specific for the SNIP1 promoter area. Consistently, we found that VDR directly bound to the SNIP1 promoter ( Figure 3c ). To further confirm this point, the putative VDR-binding site in the promoter region of SNIP1 gene and its site-specific mutant were cloned into a reporter vector upstream of the luciferase gene (Supplementary Figure  S4) , respectively, and then co-transduced with LV-VDR into Caco-2 cells. As shown in Figure 3d , SNIP1 promoter luciferase activity analysis demonstrated that VDR directly activated SNIP1 expression.
As previous studies have shown that TNF-a inhibits VDR expression in IEC, 18 we then investigated whether TNF-a could downregulate SNIP1 expression by inhibiting VDR expression. Caco-2 cells were transduced with LV-VDR and control lentivirus (LV-NC), respectively, followed by stimulation with TNF-a in vitro. VDR expression was verified in Figure 3e . As expected, TNF-a significantly inhibited SNIP1 expression, whereas LV-VDR abrogated such an effect (Figure 3f ), which was further confirmed by SNIP1 luciferase activity ( Figure 3g ). Collectively, these findings suggest that TNF-a inhibits SNIP1 expression in inflamed intestinal mucosa of IBD by downregulation of VDR expression.
Knockdown of SNIP1 induces intestinal epithelial barrier dysfunction through inhibiting TJ protein expression
It has been shown that compromised intestinal mucosal barrier function causes the invasion of luminal pathogens into the lamina propria, which further triggers the dysregulation of immune responses, leading to chronic colonic inflammation. 19 Moreover, aberrant gene expression is also associated with the pathogenesis of IBD through affecting intestinal epithelial tight junction (TJ) permeability. 20, 21 We asked whether downregulated SNIP1 expression might be involved in the epithelial barrier dysfunction in the pathogenesis of IBD. To this end, Caco-2 monolayers were transduced with SNIP1 siRNA lentivirus (LV-SNIP1 siRNA), and the changes of barrier permeability were detected by transepithelial electrical resistance (TEER) and FITC-dextran flux assays in Transwell polyester membrane filters. As illustrated in Figure 4a , treatment with LV-SNIP1 siRNA significantly decreased TEER compared to monolayers transduced with control lentivirus (LV-NC siRNA) or cultured in medium alone. Consistently, FITC-dextran flux was found to be significantly increased in monolayers after SNIP1 knockdown (Figure 4b ).
TJ proteins (e.g., ZO-1, occluding, and claudins) have been shown to have a crucial role in maintaining epithelial barrier function. Figure 4c shows that expression of ZO-1, occludin and claudin-1 was markedly decreased after knockdown of SNIP1. We then investigated whether overexpression of SNIP1 could enhance the barrier function of Caco-2 monolayers. We transduced SNIP1-expressing lentivirus (LV-SNIP1) or control vectors into Caco-2 monolayers and found that the value of TEER was markedly increased in SNIP1-overexpressed monolayers ( Figure 4d ). Consistently, a decrease of FITCdextran flux was observed in monolayers after LV-SNIP1 transduction compared with controls ( Figure 4e ). Moreover, western blot analysis further revealed that overexpression of SNIP1 significantly increased the protein levels of ZO-1, occluding, and claudin-1 ( Figure 4f ). Taken together, these data suggest that SNIP1 maintains intestinal epithelial barrier function possibly through upregulating TJ proteins expression.
SNIP1 inhibits proinflammatory signaling in colonic epithelial cells through suppressing NF-jB activation
It has been shown that increased expression of NF-kB p65 and its target gene (e.g., TNF-a, IL-1b, and IL-8) plays critical roles in the pathogenesis of IBD, 22, 23 and that SNIP1 is able to block the activity of NF-kB via inhibiting the effect of translational factors co-activator CBP/p300 on p65 and directly binding to NF-kB p65 submit, 12 we then investigated whether SNIP1 could regulate the activity of NF-kB p65 and expression of proinflammatory cytokines (e.g., TNF-a, IL-1b, and IL-8) in IEC. To this end, HCT-116 cells were transduced with LV-SNIP1 as indicated, and NF-kB p65 activation was determined by western blot. Overexpression of SNIP1 significantly inhibited the activity of NF-kB p65 compared with cells cultured in medium alone (Figure 5a ). We also measured the levels of proinflammatory cytokines in these cells. As shown in Figure 5b , expression of TNF-a, IL-1b, and IL-8 mRNA was markedly decreased after LV-SNIP1 transduction. Similar data were also obtained using Caco-2 cells, in which NF-kB p65 activity and mRNA levels of proinflammatory cytokine (e.g., TNF-a, IL-1b, and IL-8) were significantly decreased in LV-SNIP1-transduced cells compared with LV-NC (Figure 5c and d). To further determine the role of SNIP1 in regulation of activation of NF-kB and proinflammatory cytokine production, we then investigated whether knockdown of SNIP1 could promote activation of NF-kB and proinflammatory cytokine production. HCT-116 cells were transduced with LV-SNIP1 siRNA and LV-NC siRNA, respectively. Figure S5d-f) . Collectively, these data indicate that SNIP1 inhibits expression of proinflammatory cytokines and NF-kB activation in IEC.
SNIP1 suppresses intestinal inflammation in DSS-induced colitis in mice
To further determine the role of SNIP1 in the pathogenesis of IBD, we asked whether supplementation of SNIP1 could inhibit intestinal mucosal inflammation in vivo. We established acute colitis in C57BL/6 mice by treating them with 2% DSS in drinking water for 7 days, followed by 3 days of regular water. The in vivo-jetPEI-mediated SNIP1-DNA was injected intraperitoneally into these colitis mice starting on day 4-9 after DSS exposure as indicated in Figure 6 . The mice without receiving DSS treatment were also administrated intraperitoneally with SNIP1-DNA or control DNA as controls. The clinical signs of colitis, including body weight, stool consistency and rectal bleeding, were monitored daily. 24 On day 10, all mice were killed and primary IEC were isolated for further analysis. SNIP1-DNA treatment significantly promoted the expression of SNIP1 in primary IEC from DSS-treated mice compared with controls ( Figure 6a) . Interestingly, SNIP1-DNA treatment suppressed DSS-induced weight loss and colon shortening, resulting in lowering the disease activity index (Figure 6b-d) . Histological analysis further revealed that SNIP1-DNA administration led to a significant protection of the colon crypt structures and mild histological damage in the colon compared with controls (Figure 6e and f) .
After confirming that SNIP1 regulated IEC barrier function in vitro (Figure 4) , we then investigated how SNIP1 affects intestinal mucosal barrier dysfunction in DSS-colitic mice in vivo. As shown in Figure 7a and b, TEER was found to be increased in the distal and proximal colon of SNIP1-DNAtreated mice compared with that from control DNA-treated counterparts under exposure to DSS. Consistently, DSS administration seriously increased the permeability of gut mucosa in control DNA-treated mice, whereas SNIP1-DNA treatment significantly suppressed intestinal permeability in DSS-induced colitis mice (Figure 7c) . Importantly, expression of ZO-1, claudin-1, and occludin was observed to be significantly decreased after DSS exposure, which was markedly reversed by SNIP1-DNA treatment (Figure 7d-g) . As previous work has demonstrated that IEC-derived antimicrobial peptides (S100A8 and Muc2) play an important protective role in maintaining intestinal epithelial barrier in DSS-induced colitis, 25, 26 we observed that DSS-exposed mice displayed reduced expression of S100A8 and Muc2, whereas the administration of SNIP1-DNA significantly restored their expression in IEC (Supplementary Figure S6a,b) . We also analyzed the expression of TNF-a, IL-1b, IL-6, IL-17A, and MCP-1 in colonic tissues, and found that SNIP1-DNA treatment significantly downregulated proinflammatory cytokine expression at both mRNA and protein levels (Supplementary Figure S6c-l) . These data thus demonstrate that SNIP1 inhibits intestinal inflammation through regulating intestinal barrier function and intestinal homeostasis. DISCUSSION SNIP1 has been found to express in a variety of cells and tissues and regulate different biological progress. 27, 28 Our previous studies demonstrated that SNIP1 is significantly downregulated in peripheral blood mononuclear cells and lamina propria mononuclear cells of patients with active IBD, and suppresses Th17 differentiation and TNF-a secretion. 14 In the current study, we demonstrated that expression of SNIP1 was significantly lower in intestinal epithelia from inflamed mucosa of both active CD and UC patients compared with that from healthy controls. Downregulation of SNIP1 impaired IEC barrier function. Furthermore, treatment with SNIP1 promoted IEC barrier integrity and protected the intestines from inflammation, suggesting that SNIP1 promotes intestinal homeostasis and that decreased expression of SNIP1 in IBD patients contributes to the disease progression.
Proinflammatory cytokines (e.g., TNF-a, IL-1b, IL-6, and IL-17A) have been reported to be involved in the development of a variety of autoimmune diseases, including IBD. 29, 30 TNF-a, a cytokine critical to the pathogenesis of IBD, is found to suppress aberrant gene expression through targeting TNFR in IEC. 18, 22 Recent studies have demonstrated that TNF-ainduced downregulation of TJ proteins contributes to the disruption of intestinal epithelial barrier function in IBD. In addition, a TNF-a-induced decrease of DMT1 expression was also found to be associated with anemia in active IBD patients, and anti-TNF-a therapy successfully reversed such an effect. 33 In the current study, our data revealed that IEC-derived SNIP1 inversely correlated with the expression of TNF-a in active IBD biopsies. Treatment with TNF-a could inhibit the expression of SNIP1 in colonic epithelial cell lines. TNF-a has been shown to inhibit IEC expression of VDR, 18 which is associated with IBD and host factors influencing the gut microbiota. 16, 17 Interestingly, we identified that VDR directly binds the promoter of SNIP1 and promotes SNIP1 expression in IEC. Ectopic expression of VDR abrogated TNF-a inhibition of SNIP1 expression. Our data thereby indicate that TNF-a inhibits IEC expression of SNIP1 by downregulating VDR expression.
IEC are able to express TJ proteins, including ZO-1, occludin, and claudins, which form a natural intestinal barrier that prevents microbiota antigens and toxins penetrating into the lamina propria. 34, 35 Disrupting the apical junction complex between IEC induces intestinal barrier dysfunction. It has been shown that decreased expression of TJ proteins contributes to the pathogenesis of experimental colitis. 20, 36 In this study, we found that knockdown of SNIP1 in Caco-2 monolayer resulted in increased intestinal permeability and decreased expression of ZO-1, occludin and claudin-1 protein, whereas overexpression of SNIP1 had an opposite effect. NF-kB activation is involved in Figure 6 Administration of SNIP1-DNA ameliorates DSS-induced colitis in mice. Two groups of DSS-exposed mice (n ¼ 15) were administered intraperitoneally with SNIP1-DNA or control DNA (4 mg kg À 1 of body weight) daily starting on day 4-9 (arrow indicates) after DSS induction. Two groups of mice without receiving DSS treatment (n ¼ 15) were also administered with SNIP1-DNA or control DNA (4 mg kg TNF-a-induced decrease of TJ proteins expression in IEC. 31, 37 It has been shown that SNIP1 inhibits NF-kB signaling by competing for its binding to the C/H1 domain of CBP/p300 transcriptional co-activators. 12 We observed that knockdown of SNIP1 in IEC enhanced the activity of NF-kB, while overexpression of SNIP1 in IEC had an opposite effect. Thus, SNIP1 regulates IEC TJ proteins expression and barrier function possibly through downregulation of NF-kB activation.
To date, the role of NF-kB in colitis remains controversial. Recent study has reported that IEC-specific inhibition of NFkB through conditional deletion of NEMO causes a spontaneous development of severe colitis in mice, characterized by increased rate of IEC apoptosis and a decreased production of antimicrobial peptides, 38 indicating an anti-inflammatory overall function of NF-kB in colonic epithelial cells under physiological conditions. However, during the development of IBD and DSS-induced colitis, NF-kB activation turns out to be involved in some proinflammatory epithelial signaling cascades, resulting in a compromised integrity of the epithelial barrier and an enhanced mucosal immune response. 23, 39 Our data showed that SNIP1 could inhibit IEC proinflammatory cytokine production through downregulation of NF-kB activation, in which knockdown of SNIP1 promoted, whereas ectopic expression of SNIP1 inhibited expression of TNF-a, IL1b, and IL-8 in HCT-116 and Caco-2 cell lines in vitro. These data thus indicate that SNIP1 could potentially regulate the pathogenesis of IBD through promoting IEC barrier function and inhibiting proinflammatory cytokine production. Indeed, in DSS-induced colitis model, treatment with SNIP1-DNA using the in vivo-jetPEI reagent demonstrated to inhibit colitis development, characterized by less-severe colitis with improved colonic mucosal inflammation, less disruption of intestinal barrier function, and decreased production of proinflammatory cytokines in inflamed mucosa. Moreover, IEC-derived antimicrobial peptides (e.g., S100A8, Muc2), critical for maintaining intestinal epithelial integrity during colitis, 25, 26 were also markedly increased in SNIP1-DNAtreated mice. Collectively, these findings indicate that SNIP1 plays a critical role in maintaining the integrity of the intestinal epithelial barrier and reducing the inflammation of the intestinal mucosa.
In summary, our study demonstrated a critical role of SNIP1 in regulating mucosal homeostasis during the development of IBD. As administration of SNIP1-DNA using the in vivo-jetPEI reagent has proven to prevent an experimental colitis in mice, it may provide a novel therapeutic approach for the treatment of IBD.
METHODS
Patients and samples. Colonoscopic and ileoscopic biopsies were collected from inflamed and unaffected sites of the colons from 77 CD patients (42 patients with active CD, 35 in remission), 76 UC patients (39 patients with active UC, 37 in remission), and 41 healthy controls. All patients enrolled in this study were from the Department of Gastroenterology, the Shanghai Tenth People's Hospital (Shanghai, China). The baseline characteristics are described in Supplementary table 1. The diagnosis of CD or UC was based on clinical, radiological, and histological findings and endoscopic examination. The severity of diseases was assessed according to international standard criteria such as Mayo scores for UC patients and CD activity index for the diagnosis of CD patients. The study was approved by the Institutional Review Board for Clinical Research of the Shanghai Tenth People's Hospital of Tongji University. Written informed consent was also obtained from all subjects before the study protocol.
Mice and DSS-induced colitis. Female C57BL/6 mice were purchased from Shanghai SLAC Laboratory Animal (Shanghai, China). All mice were maintained at Animal Facility of the Shanghai Tenth Hospital, Tongji University under specific pathogen-free conditions. All animal experiments in this study were approved by the Animal Care and Use Committee at Tongji University. Colitis was induced as reported previously. 40 In brief, the experiments enrolled 4 groups of 8 to 10-week-old female C57BL/6 mice (15 mice per group), and two of which were treated with 2% DSS (molecular mass, 36000-50000, MP Biomedicals, LLC; Solon, OH, USA) in drinking water for 7 days, followed by drinking water for additional 3 days. A group of DSSexposed mice were injected intraperitoneally with in vivo-jetPEI (Polyplus; Illkirch, France)-mediated SNIP1-DNA (4 mg kg À 1 of body weight) starting on day 4-9 according to the manufacturer's instructions. 41 The control group was administered with control vector DNA (4 mg kg À 1 of body weight). Two groups of non-DSS-exposed mice received drinking water for 10 days, and were administered intraperitoneally with SNIP1-DNA or control DNA as negative controls. The severity of colitis was scored daily by recording standard parameters including body weight, diarrhea, and bloody stools. Colonic tissues were removed, fixed in 10% formalin overnight, embedded in paraffin, sectioned, and stained with hematoxylin and eosin (H&E) for histological analysis. The histological scores were evaluated as ranking grade 0-4 as follows: 0, normal intestinal mucosa; (1), loss of one-third of the crypts; (2), loss of two-thirds of the crypts; (3), complete loss of the crypts and the lamina propria is covered with a single layer of epithelium and mild inflammatory cell infiltration is present; and (4), erosions and marked inflammatory cell infiltration are present as previously described. 24 Antibodies and reagents. Dulbecco's modified Eagle's minimum essential medium (DMEM), RPMI 1640 medium, penicillin, streptomycin, fetal bovine serum, and L-gentamycin were all purchased from HyClone (Logan, UT, USA). Recombinant TNF-a, IFN-g, IL-1b, IL-6, and IL-17A were purchased from BioLegend (San Diego, CA, USA). All primary antibodies for western blot, immunohistochemical and immunofluorescence staining were purchased from Abcam (Cambridge, UK), and secondary antibody was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Antibody to b-actin was purchased from Abcam.
Isolation of IEC. IEC were isolated as described previously. 20 In brief, the colon was removed from the killed mice, cut into 0.5-cm pieces, and placed in cold phosphate-buffered saline (PBS) to remove debris. Colonic tissues were obtained from IBD patients underwent endoscopic examination or colectomy. After incubating at 37 1C for 20 Â 2 min in PBS with 2 mM DTT and 1 mM ethylenediaminetetraacetic acid under gently shaking to isolate primary IECs. To exclude the interference of mixed leukocytes, these cells were collected and then purified using flow cytometric sorting with anti-CD45 antibody.
Cell culture, treatment, and transduction. Human IEC lines (HCT-116, HT-29, SW480, Caco-2, and LoVo) were purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). HT-29, SW480, and LoVo cells were cultured in RPMI 1640 supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin at 37 1C in 5% CO 2 . HCT-116 and Caco-2 cells were cultured in DMEM supplemented with 10% FBS and 1% penicillin/streptomycin. HCT-116 and Caco-2 cells were stimulated with TNF-a (20 ng ml À 1 ), IFN-g (20 ng ml À 1 ), IL-1b (20 ng ml À 1 ), IL-6 (20 ng ml À 1 ), and IL-17A (20 ng ml À 1 ), respectively, or cultured in medium alone for 48 h, followed by isolation of total RNA for further analyses.
The lentivirus vectors encoding SNIP1 (LV-SNIP1) or SNIP1 siRNA used to knockdown SNIP1 expression (LV-SNIP1 siRNA), and the empty vector as a control (LV-NC siRNA) were purchased from Genechem (Shanghai, China). Cells were transduced with LV-SNIP1, LV-SNIP1 siRNA, or LV-control (LV-NC) at a multiplicity of infection of 10:1 and cultured in medium for 48 h. These cells were used for RNA isolation and western blot. After formatting a complete monolayer, the integrity of cell monolayer was detected by measuring TEER using an epithelial Millicell ERS-2 Voltohmmeter (Merck Millipore; Bedford, MA, USA) as described previously. 42 To detect the permeability of cell monolayers, FITCdextran (FD-40, 4 kDa, 1 mg/ml, Sigma-Aldrich; St. Louis, MO, USA) was added to the apical chamber and incubated for 2 h. The concentrations of FITC-dextran in the basal solutions were determined using Synergy H 2 microplate reader (Biotek Instruments; Winooski, VT, USA) at an excitation wavelength of 490 nm and an emission wavelength of 520 nm. In DSS-induced colitis model, intestinal barrier function was measured by detecting colonic TEER in freshly obtained tissues using Ussing chamber as described previously. 20 To test the permeability, SNIP1-DNA-or control DNA-treated mice were administrated orally with FITC-dextran (600 mg kg À 1 of body weight). After 4 h, blood samples were collected though eye bleeding and then centrifuged at 3500 rpm to obtain the sera. FITC-dextran content in each serum sample was detected by Synergy H 2 microplate reader.
RNA isolation and qRT-PCR. Total RNA was extracted from primary IEC, IEC lines, and colonic tissues using GenElute Single Cell RNA Purification Kit (Sigma-Aldrich) according to the manufacturer's instructions. Total RNA was performed to generate complementary cDNA using a 5 Â All-In-One RT MasterMix kit (Applied Biological Materials; Richmond, BC, Canada). The relative levels of gene transcription were detected by qRT-PCR using a SYBR Green PCR kit (TaKaRa; Dalian, China) according to the manufacturer's protocol. GAPDH was used as a housekeeping gene, and each example was run in triplicate. The relative amount of transcript was analyzed by the 2 À DDCT method.
Immunohistochemical staining. Fresh colonic biopsies were fixed with 10% formalin overnight, processed and embedded in paraffin, and then cut into 5-mm sections. To localize SNIP1 expression, sections were stained with anti-SNIP1 mAb (Abcam) as primary antibody, followed by staining with fluorescein isothiocyanate-conjugated antiIgG as a second antibody.
Statistical analysis. Data were expressed as mean±s.e.m., and analyzed using Prism 5.0 software (Graphpad Software; San Diego, CA, USA). Statistical comparisons were performed using an unpaired two-tailed Student's t-test or one-way analysis of variance. Statistical significance was set at Po0.05. Linear cor-relation was performed to analyze the correlation of the mRNA levels of inflammatory cytokines (TNF-a, IL-b, IL-6, IL-17A, and IFN-g) and SNIP1 mRNA expression in IEC from IBD patients. 
